Abstract. We study the impact that baryon-CDM relative density perturbations δ bc have on galaxy formation using cosmological simulations with the IllustrisTNG model. These isocurvature (non-adiabatic) perturbations originate before baryon-photon decoupling, when baryons did not comove with CDM. The presence of long-wavelength δ bc perturbations in the simulations is mimicked by modifying the ratios of the cosmic densities of baryons Ω b and CDM Ω c , at fixed total matter density Ω m . We measure the corresponding galaxy bias parameter b bc δ as the response of galaxy abundances to δ bc . We find that b bc δ is negative and that it decreases with halo mass and redshift: for M h = 10 13 M /h we find b bc δ = −0.7, −1.5 at z = 1, 2, respectively, and at z = 1 we find b bc δ = −0.3, −0.7 at M h = 10 12 , 10 13 M /h, respectively. Much of the z-and M h -dependence of b bc δ can be attributed to the impact that Ω b /Ω c has on the linear matter power spectrum. We also measure b bc δ as a function of stellar mass, which we find can be modeled approximately using semi-analytical halo mass function formulae and stellar-to-halo-mass relations. We estimate that the impact of δ bc on the galaxy power spectrum is not expected to exceed 1% for M h ≈ 10 12 − 10 13 M /h and z 2, and that shifts on distance and growth rate parameters inferred from data should be below 0.1% for galaxy samples similar to BOSS DR12.
Introduction
The study of the large-scale clustering of galaxies in the Universe is one of the most promising avenues to address long-standing open issues in fundamental physics such as the nature of dark matter and dark energy, what is the law of gravity on large scales and what is the value of neutrino masses. One of the main ingredients in the exercise of theoretically predicting the statistics of the galaxy distribution is a description of galaxy bias, i.e. a formalism that relates the observed distribution of galaxies to that of the underlying matter field (see Ref. [1] for a comprehensive review). Formally, the density contrast of the galaxies at position x and redshift z, δ g (x, z), can be expanded as
where the sum runs with all generality over all types of large-scale perturbations O(x, z) that can have an impact on galaxy formation. This expansion should also include stochastic terms, as well as projection and selection effects [2] , but we refrain from writing these explicitly here. Physically, the bias parameters 1 encode all of the dependence of galaxy formation processes on the large-scale perturbations that each of them multiplies; more technically, the b O (z) specify how the galaxy distribution "responds" to changes in the amplitude of the perturbations O(x, z).
A central question prior to any galaxy clustering study concerns therefore the number of terms that should be taken into account in the expansion of Eq. (1.1). For example, the socalled local-in-matter-density (LIMD) bias parameters correspond to including terms such as [3] δ g (x, z) ⊃ n b n (z)δ n m (x, z)/n!, where δ m (x, z) ∝ ∇ 2 Φ(x, z) is the total matter density contrast (Φ is the gravitational potential). This captures all of the dependency of galaxy formation on the amplitude of large-scale isotropic perturbations. The order n up to which one should keep terms is determined by the order in perturbation theory [4] up to which one wishes to model the statistics of the galaxy distribution, which is in turn partly determined by how deep into the nonlinear regime of structure formation one wishes to analyse some given galaxy sample. For instance, to model the galaxy power spectrum at leading order (or tree-level) in perturbation theory, one would need to retain only the first-order term ∝ δ m ; next-to-leading order (or 1-loop), one would need to include also the term ∝ δ 2 m , etc. In addition to the LIMD bias parameters, there are also important contributions from largescale tidal fields [5] [6] [7] [8] , e.g. δ g (x, z) ⊃ b K 2 K 2 ij (x, z), where K ij (x, z) = (∂ i ∂ j /∇ 2 −δ ij /3)δ m ; as well as from O(x, z) operators constructed from higher than second order derivatives of the potential such as ∇ 2 δ m (x, z) [9] . The bottom line is that, at a given order in perturbation theory, it is important to make sure that one enumerates all of the possible operators O(x, z) in Eq. (1.1) that can influence galaxy formation.
All the bias parameters mentioned so far have in common the fact that they are associated with perturbations that depend on the gravitational potential that is sourced by total matter density fluctuations (i.e., growing adiabatic perturbations); these are also the most widely studied bias parameters in the literature. In this paper, we turn our attention instead to relative perturbations between the baryon and cold dark matter (CDM) components, which have received less attention in the literature despite being potentially relevant. These isocurvature perturbations are sourced before baryon-photon decoupling, when baryons did not move along the same trajectories as dark matter because of their tight coupling to the photons. After decoupling, this leaves behind long-wavelength modulations of the amount of baryons relative to CDM [10] [11] [12] . Given that galaxy formation and evolution is sensitive to the amount of baryons available to participate in processes such as baryonic accretion, star formation, black hole growth, and feedback, it is therefore important to study the impact of these baryon-CDM density perturbations. Likewise, after decoupling, there will also be regions in the Universe that exhibit relative baryon-CDM velocity perturbations, i.e. patches within which baryons and CDM move at different velocities [11, 13, 14] . A noteworthy aspect of baryon-CDM perturbations is that they exhibit strong baryon acoustic oscillation (BAO) features that are not completely in phase with those imprinted in the total matter fluctuations. This can lead to shifts in the BAO scale imprinted in the galaxy distribution, which should be accounted for to guard against potential biases on cosmological parameters.
More concretely, our main objective in this paper is to estimate the baryon-CDM density perturbation bias parameter b bc δ . We shall do so by carrying out hydrodynamical cosmological simulations of galaxy formation with the AREPO code [15, 16] and the IllustrisTNG physics model [17, 18] in the presence of long-wavelength baryon-CDM density perturbations. These perturbations can be straightforwardly incorporated in the simulations by merely perturbing, relative to some fiducial cosmology, the cosmic fractions of baryons Ω b and CDM Ω c , while keeping the total matter density Ω m fixed. By way of the separate universe formalism, galaxy formation and evolution in this modified cosmology is equivalent to that taking place inside a long-wavelength baryon-CDM density perturbation in the fiducial cosmology. We will see that the effect of a baryon-CDM density perturbation impacts galaxy formation in two main ways: (i) the modified baryon-to-CDM ratio alters the shape of the initial matter power spectrum; and (ii) a modified baryon density alters the fuel supply for star formation, which results in modified stellar-to-halo-mass relations, as well as modified onset times for baryon feedback processes (such as active galactic nuclei (AGN) or supernovae feedback).
The amplitude of the baryon-CDM density bias parameter b bc δ has been previously estimated with simple analytical arguments in Refs. [10, 11] . The results that we present in this paper are, to the best of our knowledge, the first ever measurement of the baryon-CDM density bias from state-of-the-art galaxy formation simulations. Our numerical results will show that b bc δ can be sizeable (with negative sign) for galaxy/halo mass scales and redshifts that are relevant to both current and future galaxy redshift surveys (while being well within the upper limits reported by Ref. [19] ; see also Refs. [20, 21] ). This, together with the fact that b bc δ enters the bias expansion of Eq. (1.1) at leading order, makes it important to investigate the impact of including baryon-CDM density perturbations in models of galaxy clustering. Our results will show, however, that the impact on the galaxy power spectrum is not expected to exceed the 1% level for mass scales and redshifts relevant for current and future galaxy surveys. The δ bc perturbations are also not expected to bias distance, Hubble rate and growth rate measurements from galaxy samples like BOSS DR12 by more than 0.1%. Here, we do not study the impact of baryon-CDM velocity perturbations and we defer such an investigation to future work (see, however, Refs. [11, 13, 14, [22] [23] [24] [25] [26] [27] [28] for such past studies, including Refs. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] for investigations with N -body simulations and Ref. [39] for a review).
This paper is organized as follows. In Sec. 2, we outline the main aspects of how baryon-CDM perturbations can impact large-scale structure formation and describe the numerical simulation setup we adopt to determine its associated density bias parameter b bc δ . Section 3 contains our main numerical results: in Sec. 3.1, we present and discuss our results using simulated galaxies selected by their total halo mass, whereas in Sec. 3.2, we do the same but selecting galaxies by their stellar mass. In Sec. 4, we estimate the impact that baryon-CDM density perturbations can have on the galaxy power spectrum. We summarize and conclude in Sec. 5. In App. A, we provide more details about the equations of baryon-CDM perturbations and in App. B, we describe a resolution correction strategy that we implement to self-consistently compare galaxy stellar mass values at different IllustrisTNG resolutions.
Baryon-CDM perturbations and Separate Universe simulations
In this section, we lay down the basics of the contribution of baryon-CDM perturbations to the general galaxy bias expansion and anticipate the main physical impact they will have on galaxy formation. We also describe the separate universe simulations that we perform with the IllustrisTNG model to obtain our numerical results.
Baryon-CDM perturbations in the galaxy bias expansion
Prior to the epoch of recombination (or more precisely, baryon-photon decoupling), the baryon and CDM components behave differently: the non-interacting CDM component is collisionless and experiences only gravity, but the baryons are tightly coupled to the photons and experience additional pressure forces that keep them from following the same trajectories as CDM. In other words, after baryons decouple from the photons, they are not comoving with the CDM component and cannot therefore be strictly treated as a single fluid [40] [41] [42] [43] . A practical consequence of this that is relevant for galaxy formation is that there will be regions in the Universe that exhibit relative velocity [11, 13, 14] and relative density perturbations [10] [11] [12] between the baryon and CDM components. These perturbations, which we call baryon-CDM perturbations here, are not normally taken into account in studies of large-scale structure formation, but it is important to move beyond (or at least assess the degree of validity of) this approximation since galaxy formation physics depends sensitively on the relative amounts of baryons and CDM.
In terms of the bias expansion of Eq. (1.1), these baryon-CDM perturbations contribute to first order as A for more details). There is already a significant literature [10] [11] [12] 14 ] discussing these terms, as well as some observational constraints. For example, Ref. [19] using the galaxy power spectrum from the BOSS DR12 sample finds b bc δ = −1.0±6.2 and b bc θ = −114 ± 175 at the 95% confidence level. In Refs. [20, 21] the authors looked for the impact of baryon-CDM density perturbations by comparing number-and luminosityweighted galaxy statistics, which are expected to be sensitive to baryon-CDM perturbations; the analysis of Ref. [21] is also consistent with a null detection.
In this paper, we focus on the bias parameter b bc δ , i.e. we are interested in studying galaxy formation within constant baryon-CDM density perturbations. According to the estimate of Ref. [11] , this is also the term that is expected to be the most important in the bias expansion. We will further be interested in cases in which the wavelength of these perturbations is assumed to be sufficiently large compared to the typical scale of galaxy formation. 2 "Sufficiently" here means that the modulation of the baryon-CDM perturbations effectively acts as a modified background to the physical processes that govern galaxy formation. In this limit, one can then make use of the separate universe ansatz to gain intuition about the expected phenomenology, as well as to setup the numerical simulations needed to study the effect (see the next subsection). The separate universe ansatz states that local structure formation inside a long-wavelength perturbation in some fiducial cosmology is equivalent to global structure formation in an appropriately modified cosmology. For the case of baryon-CDM density perturbations, the modifications to the cosmology involve altering the background densities of baryons and CDM, Ω b , Ω c , while keeping the total matter density Ω m = Ω b + Ω c the same. Physically, one can then anticipate two main ways through which baryon-CDM density perturbations impact large-scale structure formation:
(1) Changes in the relative sizes of Ω b , Ω c lead to a difference in shape of the linear matter power spectrum on scales k k eq ≈ 0.02 h/Mpc (larger Ω b suppresses small-scale 3) ). Note that all of the cosmological parameters are the same, except Ω b and Ω c (this is the meaning of "). We have simulated structure formation in these cosmologies at two particle resolutions:
3 , L box = 205 Mpc/h (called TNG300-2). Each simulation was also run without (dubbed Gravity) and with (dubbed Hydro) hydrodynamical physical processes (note that for the Hydro runs, the number of mass elements is twice the quoted values: N p gas cells and N p dark matter mass elements). The same random seed was used to generate the initial conditions of all the simulations. The value of the primordial power spectrum amplitude A s is evaluated at a pivot scale k pivot = 0.05 Mpc −1 ; this value yields σ 8 (z = 0) = 0.816 in the Fiducial cosmology.
power). This effect impacts structure formation, even if the latter takes place in a purely gravitational, pressureless manner.
(2) Different baryonic densities Ω b will also modify the fraction of the total amount of non-relativistic matter that can experience non-gravitational forces, undergo radiative cooling, form stars and black holes, which in turn feedback onto the rest of the matter via supernovae explosions and gas ejected by AGN.
Effect (1) above can be split further into two main physical effects. First, at fixed total matter Ω m , an increase in the baryon density leads to a corresponding reduction in the dark matter density, and correspondingly less growth of structure between the end of radiation domination and baryon-photon decoupling. This suppresses the amplitude of the power spectrum on scales smaller than the horizon at the epoch of matter-radiation equality, k > k eq (note that k eq remains the same since Ω m is fixed). In our results below, we will see that this plays a very important role in determining b bc δ (cf. Sec. 3.1), despite not having been studied before, to the best of our knowledge. A second physical effect is associated with the change in the sound speed of the photon-baryon plasma, which depends on the ratio of baryon to photon densities, and which impacts the total matter power spectrum via a modified BAO feature. This second effect has been studied recently in Ref. [45] in the context of baryon-CDM density perturbations generated during inflation, i.e. primordial isocurvature perturbations (see Sec. 5).
Separate universe simulations of baryon-CDM perturbations
As already mentioned above, the effects of baryon-CDM density perturbations on galaxy formation can be mimicked by changes in the Ω b and Ω c cosmological parameters. 3 Here, we describe these changes with a parameter ∆ b as
where a tilde indicates a quantity in the modified cosmology. The value of ∆ b is related to the δ bc term that enters the bias expansion Eq. (2.1) as
The equations of motion show that the relative density perturbation is a constant mode (cf. App. A). Physically, this is because the ratio of baryon to CDM densities is conserved under gravitational evolution. It is thus consistently absorbed in modified cosmological parameters Ω b and Ω c . Then, given the number density n g of galaxies selected according to some property (e.g. total mass or stellar mass), the bias coefficient b bc δ can be computed as Table 1 summarizes the three cosmological scenarios we consider in this paper. The two separate universe cosmologies, which we call High and Low, are obtained from the We obtain our numerical results using the moving-mesh code AREPO [15, 16] together with the IllustrisTNG galaxy formation model [17, 18] , which is an improved version of its precursor Illustris [56, 57] . We refer the interested reader to Refs. [58] [59] [60] [61] [62] for the first results from the IllustrisTNG simulations, as well as Ref. [55] for separate universe simulations of total matter density perturbations; see also Ref. [63] for an overview of the publicly available simulation data.
We perform simulations at two mass resolutions: N p = 910 3 particles on a cubic box with L box = 75 Mpc/h on a side, called TNG100-2 throughout, and N p = 1250 3 , L box = 205 Mpc/h, which we call TNG300-2 (this the same resolution classification adopted in the original IllustrisTNG runs). For each resolution, we run gravity-only simulations (dubbed Gravity throughout), as well as hydrodynamical IllustrisTNG simulations (dubbed Hydro; for these, the number of "particles" is actually doubled: N p gas cells and N p dark matter particles). The Gravity runs are sensitive to effect (1) mentioned in Sec. 2.1 in isolation, redshift and physical time, which implies performing additional (although straightforward) adjustments to the simulation box size, desired output redshift values and structure-finding criteria. These are steps that we do not have to worry about here as baryon-CDM density perturbations keep the value of Ωm unchanged.
whereas the Hydro runs are sensitive to both effects (1) and (2) . Comparing the two runs will thus indicate the relative importance of these two effects.
We generate the initial conditions at the same initial redshift z i = 127 for the Fiducial, High and Low cosmologies with the N-GenIC code [64] using the Zel'dovich approximation. We use the CAMB code [65] to compute the linear matter power spectra at z = 0, which we scale back to z i assuming no cosmic radiation density and then give to N-GenIC as input. We also use the same random white-noise seed in N-GenIC to generate the initial conditions for the three cosmologies for each resolution.
There are two other points worth noting about our numerical methodology, which are important for the interpretation of our results below. One is that the gas and CDM mass elements at the starting redshift are initialized with the same density perturbations and velocities. That is, structure formation in our simulations begins with the baryons comoving with the CDM component (this is as in the original IllustrisTNG simulations; see, however, Refs. [66] [67] [68] for studies about the impact of initializing baryons and CDM with different transfer functions). Our simulations cannot therefore be used to draw conclusions about baryon-CDM relative velocities, but this is actually a welcomed feature if one wishes to study the impact of baryon-CDM density perturbations in isolation. The other point is that we do not modify any of the parameters of the IllustrisTNG physics model when we modify Ω b and Ω c . Our separate universe simulations thus follow structure formation in the fiducial cosmology with the hydrodynamical processes as specified by the IllustrisTNG model, inside a region at cosmic mean total matter density where baryons and CDM are comoving, and whose abundances are not the cosmic mean ones.
The galaxies in our simulations are identified as gravitationally bound groups of stars as determined by the SUBFIND algorithm [69] in data snapshots produced at redshifts z = 3, 2, 1, 0.5, 0. Following Eq. (2.4), we measure the baryon-CDM density bias b bc δ as should be the same, and hence we shall use their difference as a rough guide for the error in our measurements. Note also that Eq. (2.5) corresponds to a central finite difference, and hence the numerical error is of order δ 2 bc (≈ 0.35% for ∆ b = 0.05).
Numerical results: baryon-CDM density galaxy bias
In this section, we show measurements of b bc δ for galaxies selected as a function of the mass of all particles that are gravitationally bound to the halo, M h , as well as a function of the total mass in stars enclosed within twice the stellar half-mass radius (the radius that encloses half of the mass in stars bound to the halo), M * . .5)). The black line shows the prediction obtained using the universal mass function formulae (cf. Eq. (3.5)). Note the different y-axis range in the upper and lower panels. Figure 1 shows the baryon-CDM density bias parameter b bc δ as a function of total halo mass M h measured from the Gravity runs. The result is shown for the TNG100-2 and TNG300-2 resolutions, and for different redshifts, as labeled. Our results show that, overall, b bc δ is a decreasing function of halo mass (it becomes more negative with M h ) and that the amplitude of the effect is stronger at higher redshift. More specifically, b bc δ is always negative at z > 2 for the mass scales shown, being close to zero for M h ≈ 10 10 M /h at both z = 2 and z = 3. For halo masses M h ≈ 10 13 M /h, we find b bc δ ≈ −1.5 (z = 2) and b bc δ ≈ −3 (z = 3). At lower redshifts z < 1, the mass dependence becomes less pronounced and the amplitude gets overall closer to zero. Nonetheless, the baryon-CDM density bias parameter can still take on non-negligible values b bc δ ≈ −0.3 and b bc δ ≈ −0.5 for M h ≈ 10 13 M /h at redshifts z = 0.5 and z = 1, respectively.
Dependence on total halo mass
The result shown in Fig. 1 comes from the gravity-only runs and it therefore captures only the effect due to the modified shape of the linear matter power spectrum (cf. effect (1) in Sec. 2.1). This makes it possible to predict it using semi-analytical universal halo abundance formulae such as the Tinker et al. halo mass function [70] , in which the number density of 
3) whereρ m0 = 3Ω m0 H 2 0 /(8πG) is the total physical matter density today and A = 0.186, a = 1.47, b = 2.57, c = 1.19 are parameters fitted to ΛCDM gravity-only simulations at z = 0 for spherical-overdensity halos with mass definition M 200 (see Tab. 2 of Ref. [70] ); the superscript T refers to Tinker. In the equations above, σ is the variance of the total density field defined as
whereW (k, R(M )) = 3 (sin(kR) − kRcos(kR)) / (kR) 3 and R(M ) = (3M/(4πρ m0 )) 1/3 . The linear matter power spectrum P δmδm (k) is the only ingredient in the expressions above that depends on the relative abundance of Ω b and Ω c . We can thus predict the baryon-CDM density bias parameter using the universal mass function as
where n Fiducial,univ. (z, M ), n SepUni,univ. (z, M ) are the universal halo mass function predictions computed with the Tinker fitting function and the linear matter power spectrum of the fiducial and separate universe cosmologies, respectively. The prediction of Eq. (3.5) is depicted by the black solid line in Fig. 1 , which shows a very good agreement with the simulation results at all of the redshifts and mass scales shown; the larger scatter of the simulation results at higher masses simply reflects the decreased statistical precision due to the smaller number of objects with those masses. The result is also in line with the physical expectation that a boost in Ω b (at fixed Ω m ), i.e., positive δ bc , lowers the amplitude of the linear matter power spectrum on scales k 0.02 h/Mpc, which suppresses the formation of the most massive objects. Figure 2 shows the baryon-CDM density bias b bc δ as a function of total mass M h , but now measured from the Hydro runs. The result shown is now due to both the changes in the shape of the linear matter power spectrum (effect (1) in Sec. 2.1) and the modified hydrodynamics and star formation processes that follow from the different amount of baryons (effect (2) in Sec. 2.1). In Fig. 2 , the universal mass function result (solid black) is the same as in Fig. 1 , where it is shown to agree very well with the Gravity results. Thus, comparing the Hydro results with the universal mass function prediction in Fig. 2 allows to visualize the impact of effect (2) on the baryon-CDM density bias parameter. Qualitatively, the values of b bc δ measured from the Hydro runs show a mass and redshift dependence that is very similar to that in the gravity-only results. Quantitatively, the impact of hydrodynamical processes in IllustrisTNG makes the baryon-CDM density bias slightly more negative. This is noticeable at z = 3 (z = 2) for M h 10 11 M /h (M h 10 12 M /h), and effectively all mass scales shown at z < 1. For instance, at z = 0.5 for M h = 10 13 M /h, the value of b bc δ is reduced from ≈ −0.3 in the Gravity run to ≈ −0.55 in the Hydro run (the noise in the measurement also increases from the Gravity to the Hydro runs). Further, in our Hydro results, b bc δ is always consistent with being negative at all the epochs probed; in the Gravity runs, it is positive at lower redshifts and lower masses. The suppression in the size of b bc δ (i.e., more negative) caused by the hydrodynamical processes suggests that the increased amount of baryons (δ bc > 0) effectively results in amplified feedback effects that suppress overall the number of objects that form at a given total mass M h . Finally, we note also that the TNG100-2 and TNG300-2 Hydro results are in good agreement, which indicates that our b bc δ measurements as a function of total halo mass are not strongly affected by limited numerical resolution.
Dependence on galaxy stellar mass
We now turn our attention to the stellar mass dependence of the baryon-CDM density bias parameter. This measurement has to be made with some care since at fixed total halo mass, the TNG300-2 and TNG100-2 resolutions return slightly different stellar mass values. This is explored in detail in Ref. [59] (see their Appendix A), in which the authors devise a resolution correction strategy to ensure a more trustworthy comparison of quantities that use stellar masses (like the stellar mass function) at different IllustrisTNG resolutions. Specifically, Ref. [59] proposes using the ratio of stellar masses found at TNG100-1 and TNG100-2 resolutions as a multiplicative correction factor of the stellar masses found at TNG300-1 resolution, all at fixed total halo mass (see Eq. (A1) in Ref. [59] ). Here, we apply a similar resolution correction scheme using the original TNG100-2 and TNG100-3 (L box = 75 Mpc/h, N p = 455 3 ) simulations of the Fiducial cosmology to scale the stellar mass values of the TNG300-2 simulations performed in this paper. This correction factor is applied equally to the Fiducial, High and Low simulations. All of the TNG300-2 results shown in this section correspond to galaxies with stellar masses corrected in this way and we label them as rTNG300-2 (we describe our resolution correction scheme in App. B). Having commented on these resolution-related subtleties we note, however, that our results are actually not very sensitive to whether or not we use corrected stellar masses (cf. right panel of Fig. 6 in App. B). The reason is that our results are sensitive to relative differences between cosmologies with different Ω b , Ω c values, which are less affected by numerical resolution issues compared to absolute values. Figure 3 shows the stellar mass dependence of the baryon-CDM density bias parameter, b bc δ (M * ). The figure shows that the two resolutions are in good agreement, although to a slightly lesser extent compared to the same measurement made in terms of total halo mass (cf. Fig. 2) . The difference between b bc,High δ and b bc,Low δ (shaded area) is also larger, but one can nonetheless discern the main differences relative to the measurement made in terms of M h . Namely, the shape of b bc δ (M * ) is appreciably flatter, with the simulation results suggesting even a slight increase with M * at z < 1, as opposed to the monotonic decrease with M h displayed in Fig. 2 . Further, at redshifts z < 1, our results are consistent with b bc δ (M * ) being positive for most of the mass scales shown, whereas b bc δ (M h ) is always negative in Fig. 2 . As we describe next, the shape of b bc δ (M * ) shown in Fig. 3 can be roughly explained with Figure 4 shows the impact that changes in ∆ b have on galaxy stellar masses as a function of halo mass. Specifically, the figure shows the ratio of the median stellar mass in total halo mass bins in the High and Low cosmologies to the Fiducial one. As expected, at fixed halo mass, an increase (decrease) in the amount of baryons in the High (Low) cosmology translates into an increase (decrease) in stellar mass. Further, the magnitude of these changes remains approximately constant across the total halo mass values shown; the two resolutions TNG100-2 and rTNG300-2 also agree on this result. More quantitatively, the horizontal bands bracket M h -independent changes of 50% to 100% of the values of ∆ b (± [0.025, 0.05]), which corresponds roughly to the changes observed in the simulations. This reflects the physical expectation that star formation efficiency is not entirely independent of the cosmic baryon density, and consequently not all of the extra baryons are turned into stars.
The result of Fig. 4 indicates that if M Fiducial h (M * ) is the median halo-to-stellar-mass relation in the Fiducial cosmology, then the same relation in the separate universe cosmologies can be approximated as M
where is a number between 0.5 and 1. One can then plug these halo-to-stellar-mass relations into the universal mass function formulae and generalize Eq. (3.5) as
This equation's prediction is shown by the shaded grey band in Fig. 3 , which brackets the result from using = 0.5 and = 1. We evaluate M Fiducial h (M * ) using a polynomial fit to the median relations found in the TNG100-2 simulation of the Fiducial cosmology. Figure  3 shows that the simple model of Eq. (3.6) succeeds at explaining the overall amplitude of the b bc δ (z, M * ) measured in the simulations, as well as its dependence on z and M * . The level of agreement is not perfect, but this is as expected for at least three reasons: (i) the universal mass function with the Tinker fitting formula is already not a perfect description of the halo mass function in hydrodynamical simulations (cf. Fig. 1 vs. Fig. 2); (ii) the relation M Fiducial h (M * ) we use is fitted to the median total halo mass found in a given stellar mass bin, which fails to capture the shape of the distribution within the bin; (iii) we have assumed that is constant with mass, which is an approximation valid only to the degree shown in Fig. 4 .
Overall, the differences reported here between b bc δ (M * ) and b bc δ (M h ) underline the wellknown fact that the statistics of a galaxy sample (determined in part by its bias parameters) can depend sensitively on the criteria adopted to select said galaxies.
Impact on the galaxy power spectrum
We can use the values of the baryon-CDM density galaxy bias parameter b bc δ measured from the simulations to estimate the corresponding impact on the galaxy power spectrum. We work to linear order, do not include redshift-space distortions and consider the following galaxy bias expansion (we keep the mass dependence of the bias parameters implicit to ease the notation):
We focus only on the baryon-CDM density contribution, i.e. we disregard the contribution from the relative baryon-CDM velocity divergence term θ bc (x, z) (whose bias parameter we cannot measure with our separate universe simulations). After Fourier-transforming, the galaxy power spectrum P gg (k, z) can be written as
where P δmδ bc is the cross power spectrum of δ m and δ bc and P δ bc δ bc is the auto power spectrum of δ bc . We describe the calculation of these spectra in App. A. In order to evaluate P gg (k, z) using Eq. (4.2), we need to further specify the values of b 1 and b bc δ . We consider two hypothetical galaxy samples whose b 1 and b bc δ values take on the bias values for total halo masses M h = 10 12 M /h and M h = 10 13 M /h at redshifts z = 0.5, 1, 2. The values of b bc δ can be read off from Fig. 2 , while for b 1 we use the halo bias semi-analytical formulae of Ref. [71] ; these values are listed in Tab. 2. The upper panels of Fig. 5 show the contribution from the P δmδm (k, z) and P δmδ bc (k, z) terms in Eq. (4.2) ; the lower panels show the relative contribution of the P δmδ bc (k, z) term to the total P gg (k, z). Overall, the figure makes apparent that the b 2 1 P δmδm term is the dominant contribution for the redshifts and mass scales shown, with the P δmδ bc (k, z) accounting for a subpercent fraction. At z = 1, for k 0.03 h/Mpc, the P δmδ bc (k, z) contribution oscillates between 0.4% and 0.7% for M h = 10 13 M /h; at z = 2, for the same mass scale, the contribution is larger and it oscillates between 0.6% and 1.1%. The contribution from the term ∝ P δ bc δ bc (k, z) in Eq. (4.2) is not shown, but we have explicitly confirmed that it is smaller than the P δmδ bc (k, z) term by over two orders of magnitude.
The relatively small impact of the baryon-CDM density perturbations on the galaxy power spectrum can be understood by inspecting the ratio of the P δmδ bc to the P δmδm contribution in Eq. (4.2), which is given by where T b , T c and T m are the transfer functions of baryons, CDM and total matter, respectively, defined as δ s (k, z) = (2k 2 /(5Ω m H 2 0 ))R(k)T s (k, z), s ∈ {b, c, m}, where R(k) is the adiabatic primordial scalar perturbation generated by inflation; the approximation in Eq. (4.3) is valid at late times, as explained in App. A. The main suppression is due to the small absolute value of (T b − T c )/T m , which Ref. [11] had used to predict already ≈ 1%-level contributions using b bc δ = 1 (see also Ref. [10] for a similar earlier prediction). An additional suppression comes from the smaller absolute values of b bc δ relative to b 1 , which further reduces the contribution by a prefactor ≈ 0.1−0.3 (depending on mass and redshift; cf. Tab. 2). Also, note that both b bc δ and T b − T c are negative, and hence, the baryon-CDM density perturbations contribute positively to the galaxy power spectrum. Further, baryon-CDM perturbations also contribute to the cross spectrum of galaxies with total matter (which is relevant for galaxy-galaxy lensing measurements), but their relative contribution is suppressed by a similar amount following the same arguments.
The oscillatory behavior of the relative contribution of P δmδ bc (k, z) is indicative of an offset of the phases of the BAO oscillations. In configuration space, i.e. at the level of the galaxy two-point correlation function, this can potentially lead to shifts in the position of the BAO peak, which is one of the main geometrical probes of the expansion history of the Universe. References [10, 11] estimated that the BAO peak position is likely shifted by less than 1% by the baryon-CDM density term. Our results preserve (and even strengthen) this conclusion, as we find an additional suppression of the impact of δ bc caused by the ratio b bc δ (z)/b 1 (z). More quantitatively, Fig. 5 of Ref. [19] shows the expected biases on the distance and Hubble-rate parameters α ⊥ and α and growth rate of structure f σ 8 that would arise from ignoring δ bc in observational pipelines used to analyse the BOSS DR12 galaxy sample. 5 At 95% confidence level, the analysis of Ref. [19] constrains b bc δ = −1.0 ± 6.2, which keeps the biases on α ⊥ , α and f σ 8 below the 0.5%, 0.5% and 2% levels, respectively (cf. left middle panel of Fig. 5 of Ref. [19] ). Our simulation results show that b bc δ lies within −1 and −0.5 for M h = 10 13 M /h at z = 0.5 (cf. Fig. 2) , which is representative of the BOSS DR12 sample. Taking the estimates of Ref. [19] as a guide, the expected biases caused by our δ bc values get reduced to ≈ 0.1% for all α ⊥ , α and f σ 8 .
Before summarizing, we note that there is an interesting application of our b bc δ measurements in the context of constraints on primordial compensated isocurvature perturbations (CIP) generated during inflation (see e.g. Refs. [21, 45, [72] [73] [74] [75] [76] [77] for a number of existing observational constraints and forecasts). While of different physical origin, CIPs constitute the same baryon-CDM density perturbations as the ones we studied in this paper. They contribute to the galaxy power spectrum as ∝ b 1 b bc δ A CIP P δmR (k, z), where A CIP = ∆ b /R is a parameter that determines the size of isocurvature perturbations ∆ b relative to the adiabatic curvature perturbations R. This contribution has the same scale dependence as the one coming from primordial non-Gaussianity of the local type, whose amplitude is parametrized by the f NL parameter [78] . Noting that our measurements give −1 b bc δ −0.1, it follows 5 These parameters are defined as
where D * A (z) is the angular diamater distance to redshift z, r * d is the sound horizon at photon-baryon decoupling and H * (z) is the Hubble rate, all evaluated in a reference cosmology assumed in the analysis; the same quantities without the superscript * denote the true/unknown values that are to be inferred from the data. Further, D(z) is the linear growth factor of total matter perturbations.
that galaxy surveys like SPHEREx [79] that aim to place O(1) constraints on f NL should be able to place similarly tight constraints on A CIP , since the effects of both parameters impact the galaxy power spectrum in the same way.
Summary and conclusions
In this paper, we have used hydrodynamical cosmological simulations to study the impact of baryon-CDM perturbations on galaxy formation. These perturbations originate during the epoch prior to baryon-photon decoupling, when baryons and CDM did not comove because of the tight coupling of the baryons to the photons (and lack thereof for CDM). Once the baryons decoupled from the photons, they were able to collapse gravitationally, but there were regions within which the amount of baryons relative to CDM differed from that at cosmic mean and baryons were moving with a different velocity relative to the CDM component. These baryon-CDM density and velocity perturbations can naturally have an impact on galaxy formation, but are not customarily included in hydrodynamical simulations, as well as in theoretical models of galaxy clustering statistics. Importantly, strong BAO features are imprinted on the statistics of the baryon-CDM perturbations, so assessing their contribution to galaxy clustering is important to ensure robust cosmology inference from the BAO feature.
We have focused on long-wavelength compensated baryon-CDM density perturbations δ bc characterized by δ c = −f b δ b and δ m = 0. Under the separate universe ansatz, galaxy formation taking place sufficiently inside these baryon-CDM density perturbations is effectively equivalent to structure formation taking place in a cosmology with modified baryon (Ω b ) and CDM (Ω c ) density parameters and fixed total matter (Ω m ; cf. Tab. 1). There are two ways in which this change in cosmology can impact galaxy formation. First, an increased (decreased) value of Ω b /Ω c lowers (enhances) the linear matter power spectrum on scales k 0.02 h/Mpc. Second, modified relative amounts of baryons and CDM also result in different fractions of the total matter that can experience hydrodynamical forces and form stars.
Baryon-CDM density perturbations enter the galaxy bias expansion at leading order (cf. Eq. (2.1)) and our main objective was to measure the corresponding bias parameter b bc δ . We have done so by measuring the response of galaxy number counts to changes in the amplitude of δ bc (cf. Eqs. (2.4), (2.5), (2.6) and (2.7)). We have performed our simulations using the AREPO code with the IllustrisTNG galaxy formation model at TNG100-2 (L box = 75 Mpc/h, N p = 910 3 ) and TNG300-2 (L box = 205 Mpc/h, N p = 1250 3 ) resolutions.
For each resolution, we have run simulations without (referred to as "Gravity") and with ("Hydro") hydrodynamical processes taken into account. We have studied the redshift and mass dependence of b bc δ for two mass definitions: (i) the total mass due to all mass elements that belong to the galaxy halo, M h ; (ii) the mass in stars within twice the stellar half-mass radius, M * . A summary of our main results is as follows:
• The bias parameter b bc δ measured from our Gravity runs becomes more negative with total mass M h , and it does so more pronouncedly at higher redshift (cf. Fig. 1 ). This result is fully determined by the impact that baryon-CDM density perturbations have on the linear matter power spectrum.
• The qualitative dependence of b bc δ on M h and redshift remains the same when hydrodynamical effects are taken into account, but its values become slightly more negative (cf. Fig. 2 ). Quantitatively, we find for M h = 10 13 • The mass dependence of b bc δ becomes markedly different when galaxies are selected according to stellar mass M * , instead of M h (cf. Fig. 3 ). In particular, our results suggest a slight increase of b bc δ with M * and the redshift dependence is also less pronounced. Further, at redshifts z < 1, b bc δ is positive for M * 2 × 10 10 M /h. The main qualitative trends of b bc δ (z, M * ) can be captured with a simple model using halo mass function formulae and the stellar-to-halo-mass relation of the Fiducial cosmology (cf. Eq. (3.6) ).
• The contribution 2b 1 b bc δ P δmδ bc (k) from baryon-CDM density perturbations to the galaxy power spectrum is expected to lie below the 1% level for galaxy samples with masses M h ∈ 10 12 , 10 13 M /h at redshifts z 2 (cf. Fig. 5 ). Even taking into account the strong BAO feature in δ bc , the impact of b bc δ is expected to be of order 0.1% on the inferred distance and Hubble-rate parameters α ⊥ , α , and growth rate of structure f σ 8 (cf. Sec. 4), at least for an analysis pipeline similar to that reported for BOSS DR12 galaxies [19] .
The impact of the baryon-CDM perturbations is more pronounced at higher redshift. This is expected since the relative size of the constant δ bc mode relative to the growing total matter density δ m increases toward higher redshifts, and is confirmed by our results. This motivates extending our baryon-CDM density perturbation study to higher redshifts (we limited ourselves to z < 3 here), which could provide insights into the impact of baryon-CDM density perturbations on the formation of the first halos, stars and galaxies, as well as on the epoch of reionization (z ≈ 10 − 7) and the signals of 21-cm emission and Lyman-α absorption spectra by neutral Hydrogen.
It would also be interesting to extend our implementation of baryon-CDM perturbations in IllustrisTNG to include not only δ bc , but also the relative velocity divergence θ bc and uniform relative velocity v bc terms. Past simulation work focusing on z 10 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] has shown that the presence of a uniform relative velocity suppresses the formation of low-mass haloes, as well as the rate at which gas can cool and form stars at early times. These simulations require however appreciably higher resolution than the ones currently performed with the IllustrisTNG model. The imprints that these early-time effects can leave on latertime structure formation (e.g., via modified reionization histories) are therefore currently uncertain, which motivates further investigations; we defer these to future work.
A Evolution of baryon-CDM perturbations
In this appendix, we present the equations that describe the evolution of baryon-CDM perturbations. We evaluate first the general solution of the baryon-CDM density and velocity divergence perturbations, and then we describe the calculation of their power spectra.
A.1 The constant and decaying modes
After photon-baryon decoupling, the linear density contrast δ and velocity divergence θ = ∇ · v of baryons and CDM obey the following equationṡ
where the subscripts b , c and m denote baryons, CDM and total matter respectively, H(z) is the Hubble rate,ρ m (z) is the background density of total matter and an overdot denotes a derivative w.r.t. physical time t; we use t, the scale factor a and the redshift z interchangeably as time variables. With these equations, we can write the following three equations (not independent) for the relative density, δ r = δ b −δ c , and relative velocity divergence θ r = θ b −θ c between baryons and CDM:
From Eq. (A.3), we know that the solution for δ r is of the form (we follow closely the notation of Ref.
[11])
where δ bc (x) and R − (x) are time-independent and D r (z) is a decaying function of time that satisfiesD r + 2H(z)Ḋ r = 0 and admits the following integral solution (the H 0 factor merely makes D r (z) dimensionless)
Strictly speaking, δ bc (x) and R − (x) should be evaluated at the Lagrangian position associated with x, q[x, z]; here, we always work with linear theory for which these complications can be ignored (actually, it should be q[x, z dec ], where z dec is the redshift at decoupling, but the difference is small and of the same order as other nonlinear terms at recombination that would not be considered anyway). Further, from Eq. (A.4), one knows that the solution is θ r (x, z) = θ bc,0 (x)/a, where θ bc,0 is the present-day value (a = 1, z = 0) of θ r (x, z). Finally, plugging Eq. (A.6) and this θ r (x, z) solution into Eq. (A.5) yields R − = θ bc,0 /H 0 (note thaṫ D r = −H 0 /a 2 and R − ∝ D r /Ḋ r , so the H 0 normalization in Eq. (A.7) cancels).
Putting it all together, the relative density and velocity divergence between baryons and CDM are given by δ r (x, z) = δ bc (x) + θ bc,0 (x) H 0 D r (z), (A.8)
θ bc (x, z) ≡ θ r (x, z) = θ bc,0 (x) a . (A.9) Figure 6 . The left panel shows the stellar mass to total halo mass ratios as a function of total halo mass for the TNG100-2 and TNG300-2 galaxies. The colored dots indicate the result for all of the galaxies and the black lines indicate the corresponding median relation. The median relation of the resolution-corrected rTNG300-2 galaxies is also shown (dashed line) for comparison with the uncorrected TNG300-2 one (dot-dashed). The middle panel shows the stellar mass function; the solid blue line shows the result for the rTNG300-2 galaxies, which is in closer agreement (than TNG300-2, dashed blue) with the higher-resolution TNG100-2 result. The right panel shows b bc δ (M * ); this is the same as in Fig. 3 , but with the result for the uncorrected TNG300-2 stellar masses shown as the dashed blue line. All these results are for the Fiducial cosmology at z = 1.
The left panel of Figure 6 shows the ratio M * /M h as a function of M h for the Fiducial cosmology at TNG100-2 (green) and TNG300-2 (blue) resolutions at z = 1. The solid and dot-dashed lines indicate the corresponding median relation in bins of total halo mass. The observed difference between the TNG100-2 and TNG300-2 curves reflects the varying levels of convergence of M * at different resolutions. In Ref. [59] , the authors demonstrate that a correction factor constructed using the stellar-to-halo-mass relations of two same-volume IllustrisTNG resolutions works well in bringing the results of simulations done at different volumes together in other stellar-mass-related quantities such as the stellar mass function or stellar mass radial profiles (cf. Appendix A of Ref. [59] for more details). Here, we apply the same resolution correction strategy to the TNG300-2 catalogues to construct the rTNG300-2 ones that we used in Sec. 3.2. Specifically, we define a stellar mass correction factor for TNG300-2 as
where the numerator and denominator on the right-hand side are the median relations in the original TNG100-2 and TNG100-3 simulations, respectively; the superscripts oTNG100-2 and oTNG100-3 stress that we use the original simulations, which have matching phases of the initial conditions. It is important to note also that the TNG300-2 (N p = 1250 3 , L box = 205 Mpc/h) and TNG100-3 (N p = 455 3 , L box = 75 Mpc/h) simulations have approximately the same mass resolution. Our corrected stellar mass catalogues are then subsequently obtained by multiplying all of the stellar mass values of the TNG300-2 galaxies by C TNG300-2 (M h ); specifically, we interpolate over the values of M h in Eq. (B.1), which is defined only at a finite number of total mass bins. The dashed black line in the left panel of Fig. 6 shows the resulting median relation of the rTNG300-2 galaxy catalogues. Further, the middle panel of Fig. 6 shows the TNG300-2 stellar mass function measured with (solid blue) and without (dashed blue) using the stellar mass correction factor. As expected, for both the stellar-to-halo-mass relation and the stellar mass function, the rTNG300-2 results are in closer agreement with TNG100-2, compared to TNG300-2. For completeness, the right panel of Fig. 6 shows the same as the z = 1 panel of Fig. 3 , but with the result of the uncorrected TNG300-2 galaxies shown as well (dashed line). The b bc δ (M * ) measured from the TNG300-2 and rTNG300-2 catalogues display only small differences with one another; in particular, both agree well with the higher-resolution TNG100-2 result. The discussion in the main body of the paper (in Sec. 3.2) about the resolution-corrected rTNG300-2 catalogues thus holds equally to the case of the uncorrected ones. This is not surprising since we have corrected the Fiducial, High and Low cosmologies using the same correction factors, which preserve the relative difference between cosmologies that is effectively measured by b bc δ ; the observed small differences are caused by galaxies moving to different stellar mass bins.
